Muscular dystrophies are a class of disorders that cause progressive muscle wasting. A major hurdle for discovering treatments for the muscular dystrophies is a lack of reliable assays to monitor disease progression in animal models. We have developed a novel mouse model to assess disease activity noninvasively in mice with muscular dystrophies. These mice express an inducible luciferase reporter gene in muscle stem cells. In dystrophic mice, muscle stem cells activate and proliferate in response to muscle degeneration, resulting in an increase in the level of luciferase expression, which can be monitored by noninvasive, bioluminescence imaging. We applied this noninvasive imaging to assess disease activity in a mouse model of the human disease limb girdle muscular dystrophy 2B (LGMD2B), caused by a mutation in the dysferlin gene. We monitored the natural history and disease progression in these dysferlin-deficient mice up to 18 months of age and were able to detect disease activity prior to the appearance of any overt disease manifestation by histopathological analyses. Disease activity was reflected by changes in luciferase activity over time, and disease burden was reflected by cumulative luciferase activity, which paralleled disease progression as determined by histopathological analysis. The ability to monitor disease activity noninvasively in mouse models of muscular dystrophy will be invaluable for the assessment of disease progression and the effectiveness of therapeutic interventions.
Introduction
Muscular dystrophies are a class of inherited muscle disorders that are characterized by progressive muscle weakness and wasting. These diseases often result from mutations of genes that are critical for muscle cell structure or function (1) . Therapeutic strategies to treat muscular dystrophies, including gene therapies and small molecule therapies, are being investigated, but currently there are few treatments available and none that substantially alter disease progression (2) . Many dystrophic animal models exist and provide valuable resources for understanding the disease pathogenesis and for testing therapeutic interventions (3). One of the major limitations to the study of therapeutic agents for the treatment of muscular dystrophies is the absence of reliable assays of disease activity in living animals.
The gold standard for monitoring disease progression or the response to treatments in animals is the analysis of muscle histopathology. This approach is labor intensive, difficult to quantify, and usually terminal for the experimental animal. As such, investigators have sought methods to assess disease activity or progression using noninvasive or minimally invasive methods. In animal models, levels of serum biomarkers, strength measurements, and MRI evaluations have been used to assess disease activity and progressive deterioration of dystrophic muscle (4) (5) (6) . However, these techniques are either highly variable (especially serum biomarkers), nonspecific (especially strength measurements), expensive (especially MRI), or some combination of the three. As such, there remains a critical need for a method to provide quantitative and reliable assessment of ongoing and cumulative disease activity that closely reflects the histopathological changes occurring in the muscle in dystrophic animal models.
In this report, we describe a novel mouse model in which muscle regeneration, reflecting the response to degeneration that occurs in the muscular dystrophies, can be measured noninvasively and quantitatively in living mice over time. This mouse expresses an estrogen-responsive Cre-recombinase under the control of the Pax7 locus and a luciferase reporter gene that is Cre dependent. Following tamoxifen treatment, luciferase is expressed only in muscle satellite cells, since these are the only cells in the adult (other than cells in small regions in the brain) that express Pax7 (7, 8) . Therefore, each time the muscle undergoes degeneration and regeneration, luciferase-expressing satellite cells give rise to progeny that also express the reporter gene as they proliferate and differentiate to repair the muscle, and that luciferase activity can be measured noninvasively in a highly quantitative manner (9) (10) (11) (12) . We applied this model to the study of a mouse model of a form of limb girdle muscular dystrophy (LGMD) and found a remarkable correlation between the results of noninvasive imaging and disease activity and progression as determined histopathologically over the course of 18 months. This technology, which is applicable to all murine models of muscular dystrophy, will dramatically improve characterizations of the natural history and progression of muscle diseases and will be an invaluable tool for measuring the effectiveness of experimental therapeutics. association with the increase in cytoplasmic volume and corresponded to a plateau of the luciferase signal determined by bioluminescence imaging (Supplemental Figure 3) .
These findings in wild-type mice clearly demonstrated the value of this reporter strain to reflect the proliferative activity of satellite cells and their progeny, providing a noninvasive readout of the regenerative response in vivo. Furthermore, the specificity of the luciferase signal for the satellite cell lineage was highly encouraging for the application of this strain to reflect disease activity in dystrophic muscle. As such, we crossed this reporter strain with a mouse strain, the SJL strain that is an animal model for the human disease LGMD2B.
LGMD2B is caused by mutations in the dysferlin gene and preferentially affects the proximal limb muscles (13) . There are several mouse models of LGMD2B (14, 15) , including the naturally occurring SJL model (16, 17) . As typical of a progressive muscular dystrophy, histopathological analysis in the SJL model and in other genetic dysferlinopathy models reveals ongoing degeneration and regeneration of muscle fibers and cumulative fibrosis and adiposis (15, 16, 18, 19) .
Monitoring the natural history and progression of disease activity over time. A hallmark of dystrophic muscle is the degeneration of mature muscle fibers followed by the regeneration of new fibers mediated by muscle satellite cell progeny (20) . We expected that the expression of luciferase in dystrophic muscle would increase over time, reflecting the regenerative response of the muscle to the ongoing degenbaseline level of the luciferase signal (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI68458DS1). Tamoxifen was then administered for 5 days when the mice were 2 months of age. Mice were sacrificed 7 days after the final dose of tamoxifen, and muscles were assessed for the presence of luciferase-positive satellite cells. Indeed, luciferase-positive satellite cells were observed in every muscle examined ( Figure 1A) , and at the dose of tamoxifen used, an average of 65% of the satellite cells expressed luciferase (Supplemental Figure 2) . No other cells were observed to be luciferase positive, demonstrating the specificity of the Pax7Cre ER driver for the satellite cell lineage.
To demonstrate that the proliferative amplification of these cells could be detected as an increase in luciferase signal, we injured one of the tibialis anterior (TA) muscles, leaving the contralateral TA muscle uninjured, in a cohort of mice. Three days after the injury, the luciferase signals from the injured muscles were dramatically increased, whereas the signals in the uninjured muscles remained at baseline levels ( Figure 1B) . There is always a very low level of luciferase activity even in uninjured muscles of Pax7Cre ER /LuSEAP mice following tamoxifen injection, and this signal is presumably related to the quiescent satellite cell pool that then expresses luciferase. Histological examination of the injured muscle showed luciferase-positive myotubes and nascent myofibers during the process of muscle regeneration ( Figure 1C ). As myofibers continued to mature, the intensity of the luciferase signal declined in cal locations ( Figure 3A) . Measurements of the luciferase activity indicated that the proximal limb muscles had significantly more regeneration than the distal muscles beginning at 6 months of age ( Figure 3B ). The luciferase activity in both proximal and distal muscle groups increased continuously over time, with differences between them persisting up to 12 months of age ( Figure 3B ).
Measurement of luciferase expression by histological and biochemical analyses over time. As a correlate of the changes in luciferase activity detected by noninvasive imaging and as further validation of the model, we sacrificed mice at different ages and isolated muscles for both biochemical and histological studies of luciferase expression. Based on the temporal progression of luciferase activity determined by noninvasive imaging ( Figure 2C ), we expected to see an increase in the number of luciferase-positive myofibers over time as a result of the regenerative activity in the muscles. Indeed, we found a significant increase in the number of luciferase-positive fibers over time ( Figure 3 , C and D), with the proximal limb muscles showing a greater accretion of luciferase-positive fibers with age than the distal eration ( Figure 2A ). Cohorts of 2-month-old wild-type (Dysf +/+ ) and dysferlin-deficient (Dysf -/-) Pax7Cre ER /LuSEAP mice were injected with tamoxifen to induce luciferase expression in satellite cells. As additional controls, we injected Dysf -/-/Pax7Cre ER /LuSEAP mice with vehicle alone (corn oil) and found no evidence of luciferase expression (Supplemental Figure 4A) . In tamoxifen-treated mice, the luciferase signal increased dramatically over time in hind limb muscles of the dysferlin-deficient strain, but not in the wild-type strain (Figure 2 , B and C, and Supplemental Figure 4B ). This enhanced regenerative activity in dysferlin-deficient mice was apparent as early as 3 months of age and increased continuously through 18 months of age ( Figure 2C and Supplemental Figure 4C ). Comparisons between male and female mice showed no significant sex differences with regard to disease progression ( Figure 2D ).
Luciferase activity in proximal versus distal limb muscles.
LGMD2B manifests initially and primarily in the proximal limb muscles, with less involvement of distal limb muscles (21) . We assessed disease activity by bioluminescent signals according to anatomi-
Figure 2
Monitoring disease activity in dysferlin-deficient mice by noninvasive bioluminescence imaging. (A) Diagrammatic representation of the temporal pattern of luciferase expression in dystrophic Pax7Cre ER /LuSEAP mice. After tamoxifen administration, a subset of satellite cells express luciferase. In response to injury or muscle degeneration, these luciferase-positive satellite cells activate and proliferate, giving rise to luciferase-positive myoblasts that ultimately differentiate and fuse to form new myofibers, which will then be luciferase positive. (B) Wild-type (left) and dysferlin-deficient (right) Pax7Cre ER /LuSEAP mice, injected with tamoxifen at 2 months of age, imaged together at 7 months of age. Scale to the right of the image represents photon emission from the tissue surface and is expressed as p/s/cm 2 /sr (or radiance). (C) The luciferase signals from distal hind limb muscles of both wild-type and dysferlin-deficient mice were measured before tamoxifen administration (Pre-tam), at 3 months of age, and then monthly up to 18 months of age. P < 0.05 for each measurement between 3 and 18 months of age in the dysferlin-deficient compared with the control strain; n = 12 Dysf +/+ compared with Dysf -/-at each time point. (D) Luciferase signals from the distal hind limb muscles of male and female dysferlin-deficient mice (n = 12; same mice as in C).
Noninvasive luciferase imaging in the Dysf -/-/Pax7Cre ER /LuSEAP mouse correlates with conventional histopathological manifestations of disease activity. Classic markers of muscle regeneration in mice include the appearance of centrally localized nuclei within the skeletal muscle fibers as well as the appearance of fibers that express developmental proteins such as embryonic myosin heavy chain (eMyHc) (22) . To validate further the noninvasive imaging of luciferase activity in Dysf -/-/Pax7Cre ER /LuSEAP mice as a reflecmuscles ( Figure 4A) . Surprisingly, there were relatively few luciferase-positive fibers in the gastrocnemii ( Figure 4A ). Measurements of luciferase activity in whole-muscle extracts also showed an increase with age ( Figure 4B ), consistent with the results of noninvasive imaging. Luciferase-positive fibers were not detected in nondystrophic animals, and only background levels of luciferase activity could be detected in muscles of 12-month-old dysferlin-deficient mice that were injected with vehicle (Supplemental Figure 5) . sensitively and reliably, we began to monitor the Dysf -/-/Pax7Cre ER / LuSEAP mice to assess the changes in luciferase signals over time. We found that it is possible to monitor disease activity noninvasively, corroborating our results with histopathological analysis and discovering aspects of the natural history of the SJL mouse model in the process. The reliability and reproducibility of this model was extremely high and comparable to the gold standard of histological measures of disease activity. Furthermore, individual mice showed patterns of increases in luciferase activity over time that paralleled the changes seen in the whole cohort (Supplemental Figure 4B) , providing further support for this imaging system to be used for monitoring disease activity in different kinds of therapeutic trials in which individual mice can be used as their own controls in crossover type studies. However, this technology is not optimal for imaging of muscles, such as the diaphragm, within the body cavity, as the light signal is attenuated through layers of tissues and cannot be distinguished from any signal arising from surface musculature. Finally, it should be noted that the LuSEAP strain was designed as a dual reporter strain, expressing not only luciferase but also secreted alkaline phosphatase following Cremediated recombination. However, and as previously noted (10), we did not find assays of serum alkaline phosphatase levels to provide a reliable measure of cell number. We thus focused exclusively on the luciferase reporter for the purpose of these studies.
We specifically chose to use the SJL mouse model for several reasons, several of which are discussed in more detail below. First, it is a model that exhibits progressive and steady changes over the lifetime of the mouse as opposed to other models of human dystrophy, such as the mdx mouse, which shows an early burst of degeneration and regeneration followed by a much more stable course after several months (26) (27) (28) . Second, there is a longer "preclinical" and even "prepathological" phase during which we would be able to assess the sensitivity of our noninvasive imaging methodology for subtle indications of disease onset as noted above, a finding that will be critically important in the assessment of therapeutic interventions. Third, there is an interesting anatomical localization of disease severity in the mouse, mimicking that in humans, which could also be assessed by our noninvasive imaging modality. Finally, several reports suggest that different pharmacological interventions may be of benefit in the progressive changes seen in tion of disease activity, we examined these conventional markers ( Figure 5, A-D) . Centrally nucleated myofibers began to appear at 3 months of age and continuously accrued as the animals aged ( Figure 5, A and B) . By 12 months of age, nearly 50% of the fibers were centrally nucleated in the dysferlin-deficient strain ( Figure  5B ). Newly regenerated myofibers that express eMyHc could also be found in increasing numbers as the mice aged ( Figure 5 , C and D). In wild-type mice, fewer than 1% of fibers were centrally nucleated, and no eMyHc-positive fibers were detected. Therefore, both in terms of time course and magnitude of change, noninvasive imaging faithfully mirrored disease activity and progression by conventional analysis.
Discussion
Here, we present a novel mouse model in which muscle regeneration, a feature of disease activity in muscular dystrophies, can be followed noninvasively using bioluminescence imaging. By activation of a satellite cell-specific Cre-recombinase, we marked a majority of muscle satellite cells with the genetic lineage tracer luciferase, which enabled us to follow muscle regeneration over the course of 18 months in dysferlin-deficient mice. The Pax7Cre ER strain has been used previously for lineage tracing of muscle satellite cells in wildtype mice (9, 10, 12, 23) . In one study, postnatal muscle growth, as assessed by measurement of the incorporation of Pax7-expressing progenitors into growing myofibers, was monitored for 12 weeks after tamoxifen administration to wild-type mice at 4 weeks of age (10) . We performed our studies after this postnatal growth period, at a time when the hind limb muscles have fully matured (24, 25) , to monitor disease activity as a function of regeneration in dystrophic muscle without any confounding aspects of muscle growth.
We validated the Pax7Cre ER /LuSEAP mice as a "regeneration reporter" strain by demonstrating that an acute muscle injury resulted in a luciferase signal localized only to the injured region of the hind limb. We observed luciferase-positive myotubes and nascent myofibers with central nuclei, indicating that these newly regenerated fibers were formed (at least in part) from the progeny of luciferase-expressing satellite cells ( Figure 1C ). In the absence of any injury, luciferaseexpressing myofibers were not found ( Figure 1C) . After establishing that this mouse model was capable of reporting regeneration activity regenerative response increased continuously over time, which is reflective of the progressive nature of LGMD2B ( Figure 2C) .
Dysferlin deficiency causes a wide range of clinical phenotypes in humans (13) . LGMD2B is generally characterized by the onset of disease symptoms in the proximal lower limb muscles irrespective of sex, whereas Miyoshi myopathy (MM), a disease also caused by mutations in the dysferlin gene, has been described as initially affecting posterior, distal limb muscles (17, 21) . Mouse models of LGMD2B show that proximal limb muscles are primarily affected with little disease activity detected in distal muscles (16) . In agreement with these findings, we show that the proximal limb muscles have more regenerative activity than distal muscles beginning at 6 months of age ( Figure 3B) . Although luciferase signals were greater in the proximal muscle groups, disease activity was also detected in the distal limb muscles at 3 months of age ( Figure 3B ). We found no significant sex differences in the onset (or progression) of disease activity in the mice ( Figure 2D ). Additionally, a greater number of luciferase-positive myofibers were detected in the TA muscles than in the gastrocnemii ( Figure 4A ), a feature that distinguishes between the 2 diseases, LGMD2B and MM, resulting from mutations in the dysferlin gene, supporting the conclusion that these mice recapitulate the anatomical distribution of disease activity of LGMD2B.
the SJL mouse (29-31), making it particularly amenable for noninvasive imaging to be combined with experimental therapeutics.
Clinical manifestations of LGMD2B usually appear during the second or third decade of life. The rate of progression of this disease is highly variable among patients, with no correlation between the age of onset of symptoms and the rate at which the muscles deteriorate (32, 33) . The SJL mouse has previously been described as having a slowly progressive muscular dystrophy by 6 months of age followed by rapid disease progression in subsequent months (16, 17) . Likewise, the A/J mouse, another naturally occurring mouse model of LGMD2B, had virtually no histological evidence of disease activity until after 5 months of age (14) . Our imaging studies revealed that enhanced regenerative activity began much earlier in the SJL mouse than had been concluded by the use of conventional markers of disease activity, demonstrating the enhanced sensitivity of this imaging technology. By noninvasive imaging, and corroborated by the detection of luciferase-positive fibers in situ as well as biochemical analyses, we found evidence of disease onset by 3 months of age ( Figure 2C, Figure 3 , C and D, and Figure 4B ). Although the cumulative luciferase signal was low compared with later time points, the differences between the SJL and control strains were highly significant even at these early time points (Supplemental Figure 4C) . This were placed on coated glass slides, which were then processed for histological or immunohistological staining. Antibodies used in this study were as follows: chicken anti-syndecan-4 (1:1,000; a gift from Bradley Olwin (University of Colorado, Boulder, Colorado, USA), rabbit anti-laminin (1:1,000; Sigma-Aldrich L9393), mouse anti-luciferase (1:1,000; Sigma-Aldrich L2164), and mouse anti-eMyHc (1:100; DSHB clone F1.652-s).
Luciferase biochemical assay. Mice were euthanized as described above, and muscles were weighed immediately following isolation. The muscles were then placed into 5 ml of a 2-mg/ml solution of collagenase II for 1 hour at 37°C with agitation. The muscles were then triturated, and the samples were centrifuged. Supernatants were aspirated, and muscle tissue was lysed as per the manufacturer's instructions for the Luciferase Assay System (Promega Inc.).
Isolation of satellite cells. Mice were euthanized and hind limb muscles were collected. Muscles were resuspended in 0.2% collagenase II and digested for 1 hour and 45 minutes, after which the muscle suspension was triturated until fully dissociated. The muscles were then subjected to a second digestion in 0.5% collagenase II and 1% dispase for an additional half hour. Satellite cells were dissociated from the fibers by passing the digested muscle through a 20-gauge needle. Cells were then collected by centrifugation at 183.7 g and resuspended in 500 μl of Ham's F-10 medium (Mediatech Inc.). The cell suspension was incubated with the following primary antibodies: biotin-labeled VCAM (CD106), FITC-CD45, FITC-CD31, and FITC-Sca1 (1/100; BD Biosciences -Pharmingen) for 45 minutes at 4°C on a shaking platform. Cells were then washed thoroughly and incubated with anti-FITC microbeads (1/10; MACS Miltenyi Biotec) for 15 minutes. Cells were then placed in an AutoMACS cell separation machine according to the manufacturer's instructions (MACS Miltenyi Biotec). Cells that were not FITC positive were then incubated with anti-biotin microbeads for 15 minutes (1/10; MACS Miltenyi Biotec) and again subjected to MACS separation according to the manufacturer's instructions. The cells were counted and plated on ECM-coated (1/1,000; Sigma-Aldrich) microscope chamber slides (Lab Tek II; Fisher Scientific) and incubated at 37°C until fixed.
Statistics. All quantitative data are represented as means, and error bars indicate the SEM. Data were subjected to either 2-tailed Mann-Whitney test (for disease progression analysis comparing wild-type to dysferlin-deficient mice) or 2-tailed Student's t tests (when comparing male and female imaging data, proximal and distal hind limb, and quantitations from histological analyses) to determine the significance of calculated differences. These differences were considered statistically significant at P < 0.05.
Study approval. Animals were handled and housed according to the guidelines set forth by the Veterinary Medical Unit of the VA Palo Alto Health Care System, and all procedures were preapproved by the IACUC prior to being performed.
Previously, it was reported that disease activity in the SJL mouse model could be imaged by MRI using the enhanced contrasting agent Gadofluorine-M (34). While it was possible to detect increased permeability of muscle fibers to this agent, and this correlated with advanced disease progression, it was not sensitive enough to detect early pathologic changes. Additionally, the detection limit was dependent upon the amount of contrasting agent administered to the mice, which may have been limiting in the analysis (34) . Although MRI does not require breeding of dystrophic mice with reporter mice, noninvasive imaging of disease activity using luciferase bioluminescence is less expensive, more widely available, and much more versatile for laboratory studies to monitor disease progression noninvasively for natural history studies or studies of response to experimental therapeutics.
The goal of this study was to generate a mouse model in which muscle regenerative activity could be measured over time to monitor the progression of disease activity or response to therapy for muscular dystrophies. Traditionally, the efficacy of drug treatments for the muscular dystrophies has been assayed using, alone or in combination, strength measurements, serum-biomarker concentrations, and changes in histopathology. As an alternative, the Pax7Cre ER /LuSEAP system will be invaluable for testing pharmacological, cellular, and genetic treatments for muscular dystrophies. Increased sensitivity, reliable quantitation, the ability to use each animal as its own control, and obviating the need to do labor-and time-intensive histopathology all will allow for more high-throughput analysis of treatments in vivo with this noninvasive method to monitor disease progression.
Methods
Animals. The Pax7Cre ER and LuSEAP mice were a gift of Charles Keller, Oregon Health and Science University, Portland, Oregon, USA. SJL mice were purchased from Jackson Laboratories.
Bioluminescence imaging. Bioluminescent imaging was performed using the Xenogen IVIS-Spectrum System (Caliper Life Sciences). Mice were anesthetized using 2% isoflurane and 100% oxygen at a flow rate of 2.5 l/min. Then 300 μl of a 50 mg/ml sterile D-Luciferin firefly substrate (Biosynth International Inc.) dissolved in PBS was administered by i.p. injection, and 23 minutes after substrate injection, the mice were imaged for 30 seconds at the maximal light collection (f-stop 1) at the highest resolution (small binning). Each image was saved for subsequent analysis. The scales to the right of images in Figure 1B , Figure 2B , and Figure 3A represent the photon emission from the tissue surfaces and are expressed as photons/second/centimeter squared/steradian (p/s/cm 2 /sr) (or radiance).
Image analysis. Analysis of each image was performed using Living Image Software, version 4.0 (Caliper Life Sciences). Briefly, a manually-generated circle was placed on top of the region of interest (ROI) and resized to completely surround the limb or the specified region on the wild-type mouse. This ROI outline was then duplicated and placed over the limb of the dysferlin-deficient mouse. In cases where a control wild-type mouse was not imaged simultaneously, the ROI was encircled only for the experimental mouse.
Skeletal muscle injury. Mice were anesthetized using 2% isoflurane and 100% oxygen at a flow rate of 2.5 l/min. The hind limbs were shaved, and 25 μl of 1.2% BaCl2 was injected into TA muscles using 10-cc insulin syringes (9) .
Histology and immunohistochemistry. At the specified time points, mice were euthanized using CO2 asphyxiation followed by cervical dislocation. Hind limb muscles were submerged in 0.5% PFA for 5 hours and then dehydrated in 20% sucrose overnight at 4°C. The muscles were then submerged in OCT (Sakura Finetek USA Inc.) and frozen for approximately 30 seconds in liquid nitrogen chilled in isopentane. Muscle cryosections (8-μm-thick)
